Although pulse pressure (PP), heart rate variability (HRV) and baroreflex sensitivity (BRS) have been shown to predict cardiovascular events and mortality in various populations, their relationships have not been clarified. We examined these associations in two separate population-based samples of healthy middle-aged subjects. In population 1, data were obtained from 149 subjects (71 men and 78 women) aged 35-64 (mean 47.7) years, and in population 2, from 214 subjects (88 men and 126 women) aged 40-62 (mean 50.5) years. Increased 24-h ambulatory PP was related to decreased cross-spectral BRS independent of age and gender (b ¼ À0.28, Po0.001 for population 1; b ¼ À0.22, P ¼ 0.003 for population 2). This association remained significant when 24-h ambulatory diastolic blood pressure, body mass index, smoking and alcohol intake were added as covariates in the multivariate analysis. Increased ambulatory PP was also associated with increased beat-to-beat systolic arterial pressure variability. Associations between ambulatory PP and HRV were not significant after controlling for age and gender. Our results suggest that elevated PP does not affect overall HRV, but it interferes with baroreflex-mediated control of the heart rate. This association may be due to a common denominator, such as arterial stiffness, for PP and BRS.
Introduction
Elevated pulse pressure (PP) is a predictor of cardiovascular events and mortality in unselected populations 1, 2 and in patients with hypertension [3] [4] [5] [6] or left ventricular dysfunction. 7 Correspondingly, decreased heart rate variability (HRV) 8, 9 and baroreflex heart rate control 8 are strong predictors of cardiovascular events and mortality in different populations. Hypertension is known to decrease HRV [10] [11] [12] and baroreflex control of the heart rate, 13, 14 and there are speculations that abnormalities in autonomic function may sometimes precede or give rise to hypertension. 15 However, only a little is known of the potential interactions between PP and various measures of autonomic nervous function. Among the young, elevated PP has been connected with increased stroke volume, 16 which in turn may be caused by increased sympathetic nervous activity. PP rises with age probably mainly due to increased stiffness of the aorta and its major branches. 17, 18 Arterial stiffening and increased sympathetic activity may not only modify PP by reducing compliance and increasing pulse wave velocity, but they may also interfere with baroreceptor-mediated vagal control of the heart.
The purpose of this study was to evaluate whether PP is associated with cardiac autonomic nervous regulation as assessed with spectral analyses of HRV, systolic arterial pressure (SAP) variability and baroreflex sensitivity (BRS). Two middle-aged healthy populations were studied in order to provide data, which can be used to generalize the possible associations more reliably provided that the findings are parallel in both populations.
Materials and methods

Subjects
Population 1 comprised of an age-and genderstratified random sample of 270 subjects, aged years, drawn from the national population register of inhabitants residing in the vicinity of Turku in southwestern Finland. Population 2 consisted of an age-and gender-stratified random sample of 300 men and 300 women, aged 40-59 years, selected from the register of the Social Insurance Institution of the inhabitants of Oulu in northern Finland for the Oulu Project Elucidating Risk of Atherosclerosis (OPERA), an epidemiological study of cardiovascular risk factors. 19 Subjects with diabetes mellitus, coronary artery disease, congestive heart failure, previous cerebrovascular events, claudication, haemodynamically significant valvular disease, significant anaemia, chronic alcoholism and subjects using confounding medication (antihypertensives, other cardiovascular agents, b-blocker eye drops, teophyllamine, b 2 -sympathomimetics, antidepressants, neuroleptics or antineoplastic medication) were excluded. After a further exclusion of subjects with inadequate spectral or ambulatory blood pressure recordings, 149 (78 women and 71 men) and 214 (126 women and 88 men) subjects in the respective populations were eligible for the final analyses. The design of the studies was approved by the ethical committees of the respective institutions, and all subjects gave their informed consent.
Heart rate variability
In population 1, HRV was calculated from a 5-min supine ECG-recording obtained during controlled breathing (0.25 Hz). In population 2, HRV was analysed from a 45-min recording with an ambulatory ECG recorder (Dynacord Holter Recorder, Model 420, DM Scientific, Irvine, CA, USA). Ectopic beats, artefacts and arrhythmias were excluded. A fast Fourier transform in population 1 and an autoregressive model in population 2 11 were used to assess HRV. For both populations, the standard deviation of the normal-to-normal interval (SDNN), total power, high-frequency (HF) power (0.15-0.4 Hz), low-frequency (LF) power (0.04-0.15 Hz) and very-low-frequency (VLF) power (o0.04 Hz) were computed. Normalized LF and HF powers and the ratio of LF to HF were also calculated.
Systolic arterial pressure variability and baroreflex sensitivity
In population 1, the same time series and frequency bands were used for the assessment of SAP variability and cross-spectral BRS as for the assessment of HRV. In population 2, separate stationary segments without ectopic beats of about 5 min were used to compute fast Fourier-based total power, LF power (0.04-0.06 Hz), mid-frequency (MF) power (0.07-0.14 Hz) and HF power (0.15-0.40 Hz). In both populations, BRS was analysed by the cross-spectral analysis between R-R interval and photoplethysmographic (Finapres, Ohmeda Inc., USA) SAP variabilities providing that the coefficient of coherence between variabilities was 40.5 and the phase angle was negative. In population 1, cross-spectral BRS was calculated from the LF band, whereas in population 2, MF and HF bands were used. Spectral analyses were performed with CPRS (CardioPulmonary Research Software, Absolute Aliens Ay, Turku, Finland) and in population 2 additionally with CAFTS (CAFTS, Medikro Oy, Finland) softwares.
Pulse pressure measurements
PP was defined in both populations as the mean difference of all corresponding ambulatory 24-h systolic and diastolic blood pressure readings. In population 1, ambulatory blood pressure was recorded with an auscultatory device (Suntech, Accutracker II), 20 whereas in population 2, SpaceLabs 90207 oscillometric unit (SpaceLabs Inc., Redmond, Washington, USA) was used.
Statistical analyses
The summary statistics are given as mean 7 s.d. Gender differences were tested with two samples Student's t-test for equality of means. Associations between 24-h ambulatory PP, HRV, beat-to-beat SAP variability, BRS and the other variables were studied with Pearson's correlation coefficients and linear regression analyses. To find out independent correlates of BRS and beat-to-beat SAP variability, multivariate regression analyses were carried out using the statistically significant (Po0.05) correlates. The effects of age and gender were controlled by forcing them within regression models. Smoking was analysed as a dichotomous (yes/no) variable. Alcohol intake was analysed by using four drinking categories (no use and three categories according to the tertiles for alcohol intake of men and women). Statistical analyses were performed with SPSS 10.0 software (SPSS Inc., Chicago, IL, USA). Po0.05 were considered to be statistically significant. Before statistical analyses, the skewed distributions of the measures of HRV, SAP variability and BRS were transformed logarithmically. Regression analyses were carried out with standardized variables for comparability of the regression coefficients of different variables.
Results
Ambulatory blood pressure and lifestyle characteristics of men and women of the study populations are presented in Table 1 . Women had lower 24-h systolic and diastolic blood pressures than men in both populations, but a significant PP difference between men and women was observed only in population 1. As compared with men, women had a Pulse pressure and baroreflexconsistently lower normalized LF power of HRV, a higher normalized HF power of HRV and a lower LF to HF ratio (Table 2) . Women had a lower BRS than men in population 1, whereas no gender difference in BRS was observed in population 2 (Table 3) .
PP correlated inversely with the HF power of HRV in population 1 (r ¼ À0.18, P ¼ 0.025), and with the LF power of HRV in population 2 (r ¼ À0.14, P ¼ 0.039). However, correlations between PP and HRV were not significant after controlling for age and gender. Normalized LF and HF powers and the LF to HF ratio were not related to PP, as were not the HRV changes induced by tilting, either (data not shown).
In both populations, PP correlated inversely with BRS (r ¼ À0.33, Po0.001, population 1; r ¼ À0.29, Po0.001, population 2), and according to multivariate regression analyses, independent of age (Table 4) . Elevated 24-h PP was related to increased beat-tobeat SAP variability. In multivariate analyses with explanatory variables corresponding to those shown in Table 4 
Discussion
We demonstrated in two separate population-based samples of middle-aged men and women that increased 24-h ambulatory PP is associated with decreased BRS and increased beat-to-beat SAP variability, independent of age, gender, diastolic blood pressure, body mass index, smoking and alcohol intake. The overall heart rate fluctuations are determined by multiple factors, which are still not entirely known. Afferent nerve stimuli derived from blood pressure fluctuations are only some of these determinants. In our study, PP had no independent association with any of the HRV indices, suggesting that PP only affects baroreflexmediated heart rate fluctuations and does not have any significant effect on the general cardiac autonomic control. However, as HRV decreases and PP increases with increasing age, controlling for age may theoretically lead to an underestimation of the relation between HRV and PP.
Increased sympathetic tone is one potential mechanism that may lead to simultaneously attenuated BRS and increased PP. A wealth of published evidence has shown abnormal BRS and HRV in hypertension, 10, 11, 14, 21, 22 and BRS has been altered even in borderline hypertensives. 13, 23 Increased SAP variability in lower frequencies has been linked to increased sympathetic modulation. 24 In hypertensive subjects, an inverse relationship has been reported between BRS and plasma catecholamine levels. 25 However, in systo-diastolic and systolic hypertension, baroreceptor modulation of sympathetic nerve traffic is still present despite impaired baroreflex control of the heart rate and increased muscle sympathetic nerve activity. 26, 27 Increased sympathetic modulation hardly explains our findings of reduced BRS and increased SAP variability in relation to increased PP, since the heart rate and HRV did not indicate varying sympathetic tone in relation to PP levels.
Increased arterial stiffness and decreased arterial distensibility are the most probable common denominators between increased PP, increased SAP variability and impaired BRS. PP rises and BRS decreases with ageing, and impaired arterial elasticity may contribute to both these changes. 17, 28 Even in young healthy subjects, decreased BRS is associated with decreased carotid artery distensibility. 29 Arterial distensibility is decreased in borderline as well as in established essential hypertension. 30 Various metabolic and lifestyle factors affect arterial properties and BRS. For example, exercise training, 31 diabetes, 32,33 consumption of n-3 fatty acids 34 and salt intake 35 have been shown to modify arterial compliance. Atherosclerosis at such is associated with decreased aortic distensibility. [36] [37] [38] Experimental research has demonstrated that less distensible aortas of atherosclerotic rabbits have less-sensitive baroreceptors. Stiffness of the aorta has a splinting action, which protects baroreceptors from the stretch normally caused by a rise in arterial pressure. Therefore, the baroreceptors will respond to a given pressure rise with a reduced afferent nerve activity. 39 Thus, there are many different factors, BMI, body mass index; BP, blood pressure; BRS, baroreflex sensitivity. b, regression coefficient corresponding standardized variable (except gender); CI, 95% confidence interval for the regression coefficient; P, significance of the variable in the model; R 2 =R square. Dependent variable in the analysis was natural logarithmic-corrected BRS. Age and gender were forced in the model. Ambulatory diastolic and pulse pressures, body mass index, alcohol intake and smoking were tested in a stepwise manner.
Pulse pressure and baroreflexwhich may alone and together alter arterial wall behaviour, reduce arterial compliance, increase pulse wave reflection, PP and SAP variability, and finally, reduce BRS.
Our study has some methodological limitations. Owing to fairly large populations, direct measurements of arterial compliance and vasoactive techniques were not used in the evaluation of BRS. While differences in methods limit comparisons between the populations, congruent observations from two carefully controlled materials give reasonable evidence to generalize the parallel findings.
Conclusions
The present data demonstrate that increased PP is associated with reduced BRS and increased SAP variability in healthy middle-aged subjects. Arterial stiffening may be the common denominator between increased PP and decreased BRS by increasing PP, pulse wave velocity and baroreceptor load, and thereby by downregulating BRS. Arterial stiffening may also partly explain increased oscillations in SAP. Our findings should be addressed in studies utilizing direct measurements of arterial compliance. Large-scale prospective studies are needed to find out whether decreased BRS explains increased cardiac morbidity and mortality in relation to increased PP.
